ABSTRACT: We report density functional theory (M06L) calculations including Poisson−Boltzmann solvation to determine the reaction pathways and barriers for the hydrogen evolution reaction (HER) on MoS 2 , using both a periodic twodimensional slab and a Mo 10 S 21 cluster model. We find that the HER mechanism involves protonation of the electron rich molybdenum hydride site (Volmer−Heyrovsky mechanism), leading to a calculated free energy barrier of 17.9 kcal/mol, in good agreement with the barrier of 19.9 kcal/mol estimated from the experimental turnover frequency. Hydronium protonation of the hydride on the Mo site is 21.3 kcal/mol more favorable than protonation of the hydrogen on the S site because the electrons localized on the Mo−H bond are readily transferred to form dihydrogen with hydronium. We predict the Volmer−Tafel mechanism in which hydrogen atoms bound to molybdenum and sulfur sites recombine to form H 2 has a barrier of 22.6 kcal/mol. Starting with hydrogen atoms on adjacent sulfur atoms, the Volmer−Tafel mechanism goes instead through the M−H + S−H pathway. In discussions of metal chalcogenide HER catalysis, the S−H bond energy has been proposed as the critical parameter. However, we find that the sulfur−hydrogen species is not an important intermediate since the free energy of this species does not play a direct role in determining the effective activation barrier. Rather we suggest that the kinetic barrier should be used as a descriptor for reactivity, rather than the equilibrium thermodynamics. This is supported by the agreement between the calculated barrier and the experimental turnover frequency. These results suggest that to design a more reactive catalyst from edge exposed MoS 2 , one should focus on lowering the reaction barrier between the metal hydride and a proton from the hydronium in solution.
INTRODUCTION
A major challenge in renewable energy technology is water splitting, which is using solar radiation to photoelectrochemically convert water molecules into H 2 and O 2 . Here both the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) present challenges for the catalysts. The detailed reaction mechanisms have not yet been established for either one. Here we consider the easier case of HER.
Platinum is the most efficient inorganic HER catalyst; however, the cost of platinum has motivated an extensive search for earth abundant HER catalysts. 1 Hinnemann et al. 2 reported DFT calculations suggesting that molybdenum disulfide (MoS 2 ) can catalyze HER because of its nearly thermoneutral hydrogen adsorption energy. Indeed Jaramillo et al. 3 synthesized MoS 2 on Au(111) and showed that the activity for HER correlates linearly with the total length of the exposed edges of crystalline MoS 2 . Since then, numerous experimental synthetic techniques have attempted to synthesize MoS 2 catalysts that carry out HER more efficiently. 4 Molecular analogues were also studied. 5 Although the hydrogen adsorption energy has been a useful descriptor for screening materials to identify candidates for HER, it is reaction barriers that determine the rates. Thus, to design the most efficient HER catalysts, we must determine the reaction barriers for the various reaction sequences that can convert protons and electrons to H 2 . Here the pathway with the lowest rate-determining step (RDS) is expected to dominate the reaction rate.
In this study, we perform density functional theory (DFT) quantum mechanics calculations to determine the reaction pathway for HER on the Mo-edge (101̅ 0) of MoS 2 . To enable the use of the most accurate DFT for reaction barriers while describing solvation effects at the Poisson−Boltzmann level, we describe the Mo-edge of MoS 2 using a Mo 10 S 21 cluster model. This allows us to consider the introduction of protons and electrons separately and report free energies as a function of electrochemical potential and pH.
COMPUTATIONAL METHODS
2.1. Finite Cluster. For the finite clusters we used the M06L 6 flavor of DFT, which has been found to give reliable energy barriers for reaction mechanisms of organometallic catalysts. 7 In these calculations we use the small core angular momentum projected effective core potential 8 from Hay and Wadt 9 to replace the inner 28 core electrons, so that 14 explicit electrons are described on each Mo (denoted LACVP**). All electrons are included for each S and H using the 6-31G** basis set 10 for structure optimization and the 6-311G**++ basis set 11, 12 (hydrogen and oxygen) and the 6-311G-3df basis set 12, 13 (sulfur) for the final electronic energy. The solvation energy was calculated by solving the Poisson−Boltzmann equation (PBF) 14 at the optimized geometry (using a solvent radius of 1.4 Å and a dielectric constant of 80.37). The vibrational frequencies used in obtaining the zero point energy, entropy, and enthalpy were calculated using the CPHF technique at the optimized geometry. All cluster calculations were performed with Jaguar. 15 The free energy of an H 2 molecule at 1 atm and 298 K was calculated as above. The free energy of H + at 1 M in water (G = −270.3 kcal/mol) was taken to be its gas-phase value (G(H+, 1 atm) = H − TS = 2.5 k B T − T × 26.04 = −6.3 kcal/mol) plus the empirical hydration energy (G(H+, 1 atm → 1M) = −264.0 kcal/mol). 16 Using the definition of the standard hydrogen electrode (SHE) condition where e − and H + (pH = 0) are in equilibrium with 1 atm H 2 , the free energy of an electron at SHE can be determined as the difference between the free energies of 1/2H 2 and H + . The chemical potential of electrons and protons away from SHE condition are then calculated as Figure 1 . Here we used the PBE 17 flavor of DFT with a plane wave basis set extending to 300 eV for geometry optimization and 500 eV for the final electronic energies. We used the projected augmented wave (PAW) 18 method for pseudopotentials to represent the effects of the inner 36 core electrons of Mo and the 10 electrons of the S, so that only the outmost 6 electrons of both Mo and S are described explicitly. Slab calculations are performed in VASP.
Since the slab model consists of only a single S−Mo−S trilayer with both the Mo-edge and the S-edge exposed, we used the Monkhorst− Pack 4 × 1 × 1 k-point mesh, where 4 k-points are used in the periodic direction. The electronic energy was minimized within 0.1 meV, and the geometry was optimized to 0.1 meV/A.
For these periodic calculations the reference H 2 molecule is calculated in a 15A × 15A × 15A cubic vacuum space with only the Γ point.
MODEL SYSTEMS
3.1. Periodic Slab. The dominant phase for bulk crystalline MoS 2 is the 2H phase with AB stacking of the graphene-like hexagonal 2D sheets. 20 Upon synthesis, the exposed surfaces are generally the (001) basal plane of the S−Mo−S trilayer, the Mo-edge (101̅ 0) and S-edge (1̅ 010). It was shown experimentally that the activity of the catalyst correlates directly with the total length of the exposed edges. 3 A recent experiment confirms this observation by comparing the activities between the edges and the basal plane. 21 In addition, we expect the chemistry of the edges of bulk MoS 2 to be similar to that of a single MoS 2 layer. It has been shown that additional layers decrease the current density due to electron hopping across the layers, such that the top layers are not as active as the bottom layers. 22 The exchange current density (0.6 × 10 . 3 The edges from the top layers contribute little to the activity, thus monolayer MoS 2 is sufficient to understand the chemistry of HER on MoS 2 edges.
STM studies of MoS 2 crystals show three stable edge configurations: 100% S coverage of the Mo-edge, 50% S coverage of the Mo-edge, and the S-edge. 23 Under the sulfiding conditions appropriate for hydrodesulfurization (HDS) processes the Mo-edge has been established experimentally as the dominant form; however, under HER conditions with no external sulfur the 50% S coverage of the Mo-edge is the most stable form. 24−26 This has also been observed in a recent HR-STEM study. 27 This structure was assumed in the previous DFT studies of HER on MoS 2 .
2 Thus, to study HER electrocatalysis we chose to examine the 50% coverage case for the Mo-edge. Experimental studies have observed finite MoS 2 clusters ranging from 1 nm to bulk. However, for systems of such large sizes, it is convenient to use periodic boundary conditions in the x direction, exposing the Mo-edge in the +y direction and the S-edge in the −y direction ( Figure 1 ). We carried out DFT calculations for such periodic slabs and found that models that are three or six unit cells long in the periodic direction relax to structures 0.1 eV/Mo lower than models that are either two or four unit cells long. This has also been observed in other studies of the 50% S coverage Mo-edge calculations but not yet explained. 25, 28 This 3-Mo periodicity can be understood in terms of simple electron counting arguments. In the bulk the oxidation state of each Mo atom is +4 with bonds to 6 sulfur atoms, each of which bonds to 3 Mo. Thus, we can consider there to be 2/3 electrons from each Mo in each bond. In the valence bond description, this is described in terms of resonating structures. However, the surface stabilizes Mo−S valence bond structures with local 2-electron bonds. Thus, for the Mo terminated surface each edge sulfur contributes 1 electron to each Mo−S bond. Thus, each edge Mo contributes 2 × 1 + 4 × 2/3 = 14/3 electrons to its six S neighbors. This implies that each triad of 3 Mo atoms on the edge contributes a total of 14 electrons for bonding. This would correspond to a d2 configuration on one Mo and a d1 configuration on the other two. Alternatively one can say that the full d2 band of the bulk system leads to a surface d2 band that is only 2/3 full. This leads to a Peierls distortion that has a periodicity of 3. Therefore, periodic calculations for slabs should always have a multiple of 3 edge Mo slab because it leads to an integer number of bonding electrons on the edge. In this reconstruction, three consecutive Mo atoms draw together (Mo−Mo distances of 2.96 A) leaving a larger separation (3.59A) between the triads. Indeed the calculations on an edge with 6 and 12 Mo periodicity in the x direction show the same triad reconstruction, as shown in Figure 1d .
3.2. Cluster Model. Using molecular clusters to model a periodic system for determining reaction mechanisms allows more flexibility in the accuracy of the methods (allowing us to use M06L which is more accurate for reaction barriers and bond energies than PBE, 7 the most common method for periodic calculations). It is straightforward to use clusters with net charges (difficult in PBC), and we can use the PBF (Poisson−Boltzmann) continuum solvation method that has been well-validated for aqueous solvation energies. 29 Indeed experiments can be carried out on supported MoS 2 to validate predictions. Figure 1a shows how we extract a triangular cluster from the periodic array to expose only the Mo edges. Figure 1b shows the schematic representation of the finite cluster and Figure 1c shows the optimized structure.
3.3. Validation of the Cluster Model. To validate that the cluster model has the same chemical properties as the periodic Mo-edge, we calculated the binding energy of a hydrogen atom to both the cluster and the periodic slab, both under vacuum conditions. In both cases we reference the free H atom energy to that of 1/2 H 2 molecule. The results in Figure 2 show that the bond energies calculated using the cluster and slab models differ by 0.03, 0.06, 0.01, and 0.03 eV for the four stoichiometries.
RESULTS AND DISCUSSION
We next describe the predicted energetics for the various reaction steps relevant for HER. Using the cluster model we can now add or subtract electrons and protons independently in discrete steps. First we calculate the free energies of the most likely intermediates to serve as a basis for describing the thermodynamics of HER. Then we examine the barriers of the various reaction steps to locate the rate limiting step.
4.1. Thermodynamics of the Mo-edge. Figure 2 shows that the first hydrogen strongly prefers to bind to the edge sulfur atom rather than the molybdenum atom by 0.8 eV (electronic energy) and leads to a net binding energy relative to H 2 of 0.05 eV. However, after including solvation effects, vibrational corrections, and entropy corrections, the free energy for adding a hydrogen atom to the edge S atom is 5.7 kcal/mol uphill relative to H 2 .
Adding a second H to the Mo is only 11.4 kcal/mol uphill compared to 16.9 kcal/mol uphill for adding it to a second S. This disagrees with the previous assumption that the second H would go onto a second S, 2 but the Mo−H case was not calculated.
In order to evolve an H 2 molecule, protons and electrons must be added to the cluster. Here, it is useful to examine first the most stable structures with each number of extra electrons and each number of extra protons to understand the free energy differences between intermediate states, and ultimately find the lowest-barrier pathway. These free energies are shown in Figure 3 .
1. At SHE conditions with E = 0 V and pH = 0, the most stable state is Figure 3 lead to the Pourbaix diagram in Figure  4 , showing the dominant phases as a function of pH and external potential. It is sufficient to use only the species in Figure 3 , since only the most stable structure for a given stoichiometry appears on the Pourbaix diagram.
In the range of pH and potentials that are relevant to HER, 5 states are present. Starting from SHE at pH = 0 and E = 0 V, and applying increasingly negative potentials, the cluster is reduced first to [MoS 2 ]
− to become negatively charged. Further reducing the potential leads to the [MoS 2 ]H s − structure (at pH = 0) rather than the −2 charged state. At very negative pH and potential, the [MoS 2 ]H s structure is the most favorable, since the potential is not sufficiently strong to further reduce the structure.
4.3. Transition States Analysis. Two types of transition states are considered in this study: the Volmer−Tafel mechanism in which two adsorbed hydrogens react to form H 2 , and the Volmer−Heyrovsky mechanism with one adsorbed hydrogen reacting with a solvated proton. The calculated free energy barriers are shown in Figure 5 , at a potential of 0 V and pH = 0.
4.3.1. Volmer−Tafel Mechanism. In the Volmer−Tafel mechanism, two adsorbed hydrogens next to each other react to form a dihydrogen molecule. Since there are two types of atoms, S and Mo, on the edge, we considered reactions of the type S−H + H−S and Mo−H + H−S. However, constraining the H atoms on two adjacent sulfurs to move toward a possible transition state, the hydrogen on one sulfur instead first moves onto the nearby Mo atom, forming a Mo−H species. Thus, a transition state of the type S−H + H−S is electronically unreasonable. Thus, the Volmer−Tafel reaction on the Moedge takes place between hydrogens on adjacent Mo and S atoms. Beginning from a relaxed geometry in which the H−H distance was constrained to 1.0 Å, eigenvector following was used to locate a transition state having a single imaginary frequency. This transition state geometry was found to have bond distances of 1.78 Å for Mo−H (compared to the equilibrium Mo−H bond of 1.67 Å), 1.08 Å for H−H (compared to a final H−H bond of 0.74 Å), and 1.56 Å for S− H (compared to a normal S−H bond of 1.35 Å). + source of the proton along the reaction pathway. We find that to obtain accurate results requires the use of a cluster of 4 waters, one of which is protonated at the beginning but all of which are neutral at the end. However, in the reaction between an adsorbed hydrogen atom and the hydronium bound proton, the water cluster must rearrange to expose the proton for reaction.
First we examined the hydronium reacting with an adsorbed hydrogen atom bound to the edge sulfur atom. Again, transition state structures were located by following imaginary modes from constrained initial guesses. The transition state found for S−H + H−OH 2 has a free energy of 46.5 kcal/mol, which is too high for hydrogen evolution on the Mo-edge.
Using the same strategy, we found that the transition state free energies for reacting with the Mo hydrides . Thermodynamics (free energies at 298 K, pH = 0, and E = 0 V vs SHE) for the most stable configurations as a function of the number of protons and electrons added. Here we start with the Moedge cluster at equilibrium at the SHE potential. Each structure to the right has one additional proton. Each structure along the ordinate has one more electron, representing a reduction step. Figure 6 .
This mechanism gives insights on why MoS 2 is a good catalyst. The direct protonation of the Mo atom leads to a calculated high barrier of 28.1 kcal/mol, but in the presence of the S atom, the hydrogen adsorbs first on the chalcogenide, then migrates to the Mo atom (barrier = 20.5 kcal/mol), and finally reacts with a proton from solution to form H 2 . These multiple steps lower the barrier for the whole process.
Toulhoat et al. computationally examined the dissociation of H 2 on MoS 2 edges in the context of hydrodesulfurization (i.e., water free). 30 In the absence of a protic solvent, our results are consistent that, among reaction mechanisms for the cleavage/ formation of the H−H bond, the Tafel reaction of the type Mo−H + H−S provides the lowest energy pathway.
Finally, our result can be compared with estimates from Jaramillo's experimental study. 3 At a potential of −150 mV and pH = 0.24, he estimated a turnover frequency (TOF) of 1.64 × 10 −2 s −1 per edge molybdenum atom for hydrogen evolution on the Mo edge clusters. Using transition state theory,
This TOF corresponds to a barrier of 19.9 kcal/mol. After adjusting our theoretical calculations for the chemical potentials due to the applied potential and pH, the ground state shifts to the negatively charged unprotonated structure, as shown in Figure 4 . From the new resting state we calculate an adjusted barrier of 17.9 kcal/mol, very close to the 19.9 kcal/mol from the experimental estimate. The Tafel slope b can also be estimated from the theoretical calculation, assuming electron transfer from the support to the catalyst does not limit the rate. We expect that b = 2.3RT/nF ≈ 60 mV/n, where n is the difference in the number of electrons between the ground state and the transition state. Under reaction conditions, n = 1 since the ground state has shifted to the negatively charged structure, as shown in the Pourbaix diagram in Figure 4 . In this case, the Tafel slope is 60 mV/dec, in agreement with the value of 55−60 mV/dec from the experimental Tafel plot.
3 Different polymorphs of MoS 2 have been shown to have different Tafel slopes, likely due to the effects of conductivity, which are minimized in the case of single MoS 2 layers on Au(111). For example, Chhowalla et al. measured a lower Tafel slope of 40 mV/dec using 1T-MoS 2 , but proposed a different active site in the basal planes was responsible for HER. 31 Cao et al. also reported that the transition from crystalline MoS 2 to amorphous MoS 3 resulted in a change of Tafel slope from ca. 90 mV/dec to 40 mV/dec. 32 
■ CONCLUSION
Modeling the Mo-edge of a single MoS 2 sheet with a Mo 10 S 21 cluster model, we found that the HER mechanism takes place through the Volmer−Heyrovsky mechanism involving an electron rich molybdenum hydride and a hydronium cation. This leads to an estimated barrier of 17.9 kcal/mol in good agreement with experiment, in which the barrier 19.9 kcal/mol is estimated from the turnover frequency (TOF).
We find hydronium protonation of the hydride on the Mo site is 21.3 kcal/mol more favorable than protonation of the hydrogen on the sulfur because the electrons localized on the Mo−H bond are readily transferred to form dihydrogen with hydronium. The S−H + H−S Volmer−Tafel mechanism and the S−H + H−OH 2 Volmer−Heyrovsky mechanisms attempt to combine Figure 5 . Schematics of the transition state structures considered for H 2 formation. Bond lengths and imaginary frequencies confirm transition state searches did not relax to products. The hydronium water cluster used for the Heyrovsky step is also shown. The red H indicates the reacting hydrogen atoms.
highly acidic hydrogen (i.e., two protons) to form H 2 , leading to a higher barrier for transfer of electrons from the bulk. The Volmer−Tafel mechanism between molybdenum hydride and sulfur hydrogen has a relatively low barrier of 28.7 kcal/mol, for the same reason that electrons are easily transferred from hydride to form the hydrogen−hydrogen bond. Indeed, it is possible that tuning the pK A of the edge chalcogenide could lower the barrier for this mechanism.
On the basis of the volcano plot concept, 33 it is widely believed that the binding energy of hydrogen on sulfur is the most important factor toward HER on crystalline MoS 2 . However, we find that the sulfur−hydrogen species is not the critical intermediate since the free energy of this species does not play a role in determining the effective activation barrier.
In fact, we find that the predicted activation barrier for reaction between molybdenum hydride and hydronium is in agreement with the experimental rate of per-site TOF. This indicates that kinetic parameters should be used as a descriptor for reactivity, rather than equilibrium thermodynamics.
In conclusion, to design a more reactive catalyst from exposed MoS 2 edges, one should focus on lowering the reaction barrier between the metal hydride and a positively charged proton, either from the sulfur hydrogen species on the edge or from the hydronium in solution.
■ ASSOCIATED CONTENT * S Supporting Information Electronic energies and geometries of related compounds in the study. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.5b03329. Figure 6 . Overall reaction mechanism for HER on the Mo-edge cluster. The edge is first reduced by one electron, followed by a protonation to create a sulfur-bound hydrogen with a small barrier of 6.3 kcal/mol. The structure is further reduced by one more electron, followed by the migration of hydrogen onto the Mo atom with a relatively high barrier of 20.5 kcal/mol. The edge is protonated again by hydronium with a barrier of 18.0 kcal/mol. Finally, the metal hydride reacts with a proton from solution, forming dihydrogen with a barrier of 23.6 kcal/mol. All the free energies are relative to the ground state with no adsorbed hydrogens.
